Periodontal diseases are chronic inflammatory diseases that can result in resorption of the alveolar bone of the jaw. We have developed a murine model in which alveolar bone loss is induced by oral infection with Porphyromonas gingivalis, an oral anaerobic bacterium associated with periodontal disease in humans. Here we compared a strain of immunocompetent mice (C57BL/6J) to the same strain of mice made T cell deficient by genetic deletion of the alpha chain of their T cell receptors (C57BL/6J-Tcra). T cell deficiency did not affect the ability of P. gingivalis to implant in the oral cavity. The two strains of mice had equal percentages of P. gingivalis among their cultivable anaerobes 7 weeks after infection. The same bacterial load led to much less bone resorption in the T cell deficient mice than in the immune normal mice, measured as either the number of sites with significant loss, or as the total amount of bone resorbed. T cell deficient mice lost bone at only three out of 14 measurement sites, compared with eight out of 14 sites in the wild-type mice. The total amount of bone lost was 70% less in the T cell deficient mice. T cell deficient mice had lower titers of P. gingivalis-specific IgG than the wild-type mice after oral infection did, but the same titers of specific IgA. Lower titers did not correlate with greater bone loss. Antigenactivated T lymphocytes are known to induce osteoclastogenesis; here we demonstrate that T cell deletion decreases the amount of alveolar bone loss induced by infection of the murine oral cavity. ß
Introduction
Periodontal diseases are chronic in£ammatory diseases resulting in damage to the supporting tissues of the teeth. Resorption of the alveolar bone of the jaw, the bone to which the roots of the teeth are attached by means of the periodontal ligaments, is one of the sequela of periodontal diseases [1] . Adult periodontitis (which has recently been renamed chronic periodontitis [2] ) is widespread, with a prevalence of about 30%, and is severe enough to lead to tooth loss in more than 10% of the adult population [3, 4] . Several bacterial species are associated with periodontal disease, with Porphyromonas gingivalis being among the most closely associated with chronic periodontitis [5^7] . P. gingivalis is a Gram-negative anaerobe, which elicits innate, humoral and cell-mediated immune responses in the host [8^11] . It is becoming clearer that, while some of these immune responses may be protective, others contribute to tissue destruction.
We have developed a murine model in which oral infection with a human strain of P. gingivalis results in alveolar bone resorption [12] . Using this model and immune knockout mice, we have previously shown that CD4 þ T cells and two of their cytokines, interleukin-6 (IL-6) and interferon-gamma (IFG), contribute to alveolar bone loss. Mice lacking CD4 þ T cells or these cytokines experience less bone loss after oral infection. In contrast, CD8 þ T cell de¢cient mice exhibit the same degree of bone loss as do their immune competent parent strains [13] . Others have also shown that activated T cells can increase the number of osteoclasts, pushing the balance of bone remodeling in the direction of net resorption of alveolar bone [14] . Indeed, bone loss is a sequela of many types of diseases characterized by chronic activation of T lymphocytes [15] .
The T cell de¢cient mouse strains in our previous study were produced by targeted deletion of major histocompatibility complex (MHC) I or II, inhibiting maturation of CD8 þ or CD4 þ T cells, respectively [13, 16] . Because MHC deletions may have other e¡ects in addition to those on T cell maturation [16] , we wished to con¢rm our previous results in mice made T cell de¢cient by a more direct knockout. Consequently, we tested Tcra knockout mice, which lack functional T cell receptors due to mutation in the gene for the receptor alpha chain. We also extended our previous studies to examine the e¡ect of T cell deletion on oral implantation of P. gingivalis. We show here that the extent of oral implantation with P. gingivalis is the same in wild-type and in Tcra knockout mice, but that the T cell de¢cient mice have diminished resorption of alveolar bone in response to infection.
Materials and methods

Animals
Speci¢c pathogen-free C57BL/6J-Tcra tmlMom mice, as well as mice of the genetically matched parent strain C57BL/6J, were received from The Jackson Laboratory (Bar Harbor, ME, USA). These mice were produced after backcross of the Tcra tmlMom mutation [17] onto the C57BL/6J background for 12 generations. Animals were kept in the animal colony at Bates College under conditions described previously [12] . Animals within an experiment were age-matched females, 12 weeks old at the start of experiments. The experimental protocol was reviewed and approved by the Animal Care and Use Committee, Bates College.
Bacteria for bone loss induction
P. gingivalis ATCC 53977 (A7A1-28) was maintained frozen in de¢brinated sheep's blood at 370 ‡C and by weekly transfer on supplemented blood agar (trypticase soy agar base with 0.1% yeast extract, 5.0 Wg ml 31 hemin, 0.5 Wg ml 31 menadione and 5% de¢brinated sheep's blood). For experiments, bacteria were anaerobically grown under 5% CO 2 , 10% H 2 and 85% N 2 on supplemented blood agar at 37 ‡C for 4^7 days.
Oral infection
As described previously [18] , mice were given sulfamethoxazole/trimethoprim (Sulfatrim 0 , Goldline Laboratories, Ft. Lauderdale, FL, USA), ad libitum in their drinking water for 10 days. This was followed by a 3-day antibiotic-free period. Mice were then infected: 10 9 colony forming units of live P. gingivalis in 100 Wl of phosphatebu¡ered saline with 2% carboxymethylcellulose by gavage [19] and direct oral exposure three times at 2-day intervals. Controls included sham-infected mice, which received the antibiotic pre-treatment, and the carboxymethylcellulose gavage, without P. gingivalis. Forty-seven days after the ¢rst gavage, mice were euthanized by CO 2 .
Reisolation of bacteria by paper point sampling of the oral cavity
A sterile medium-sized paper point (Johnson and Johnson, East Windsor, NJ, USA) was held against the gumline for 5 s, then vortexed in 1 ml of pre-reduced supplemented brain heart infusion broth [18, 20] . Samples were incubated anaerobically on supplemented blood agar for 4 weeks. P. gingivalis colonies were identi¢ed by their black pigmentation and by Gram stain [20] .
Alveolar bone loss
Horizontal bone loss around the maxillary molars of de£eshed skulls was assessed by a morphometric method [18, 19] . The distance from the cementoenamel junction to the alveolar bone crest (CEJ to ABC) was measured at a total of 14 buccal sites per mouse (for location of measurement sites see [20] ). Measurements were made under a dissecting microscope (U40) ¢tted with a video image marker measurement system (model VIA 170, Boeckeler Instruments, Inc., Tucson, AZ, USA) standardized to give measurements in mm. Bone measurements were done twice in a random and blinded protocol by two evaluators. The amount of change in the alveolar bone of each individual mouse was calculated by subtracting the mean CEJ to ABC value (total of 14 sites) of groups of sham-infected mice from the 14-site total CEJ to ABC value for that mouse.
P. gingivalis-speci¢c antibody
Blood was collected from each mouse at the time of euthanasia. Sera were stored at 370 ‡C for later assessment of speci¢c IgG and IgA antibody by enzyme-linked immunosorbent assay (ELISA), as described previously [12] , in polystyrene plates (Costar, Corning Inc., Corning, NY, USA) coated with formalin-killed whole P. gingivalis ATCC 53977. The ELISA titer was de¢ned as the reciprocal of the highest serum dilution (expressed in log 2 ) which produced absorbance readings more than two standard deviations above background levels.
Statistics
Di¡erences between the infected and sham groups, and between infected mice of di¡erent strains, were evaluated by two-tailed, unpaired t-tests (Excel; Microsoft, Redmond, WA, USA).
Results
That Tcra knockout mice lack T cells was con¢rmed by £ow cytometry (Fig. 1) . CD4 þ T cells were 39 þ 7% (mean þ 1 S.E.M. ; n = 6) of the viable lymphocytes in immunocompetent C57BL/6J mice but only 4 þ 0.8% of the viable lymphocytes in Tcra knockout mice. CD8 þ T cells were 23 þ 9% of the viable lymphocytes in C57BL/6J mice but only 7 þ 1.5% in Tcra knockout mice. This represents a 90% reduction of CD4 þ cells (P = 0.0002) and a 72% reduction of CD8 þ T cells (P = 0.005) in Tcra knockout mice compared with mice of the otherwise genetically identical parent strain, C57BL/6J.
Bone loss as a result of oral infection with P. gingivalis is shown in Fig. 2 . The normal anatomy of sham-infected mice is such that there is a space between the CEJ of the tooth and the ABC [20] . As the alveolar bone resorbs in P. gingivalis-infected mice, this distance increases. Therefore, comparison of the CEJ to ABC distance in infected mice to that in sham-infected mice reveals the sites at which bone loss has occurred. We routinely measure only the maxillary molars, as preliminary experiments showed that measurements from the mandibular molars did not give di¡erent results (data not shown). Infection of immune competent mice induced alveolar bone resorption at eight out of the 14 measurement sites. It is interesting to note that the sites with bone loss are not evenly distributed: six of seven sites on the left showed loss while only two of seven sites on the right did. These are mean values, so this does not mean that every mouse showed this pattern, but overall there was more loss on the left. We have no real explanation for this, although we have seen this result in other experiments. In contrast to the eight sites showing bone loss in infected immune competent mice, infected T cell de¢cient mice lost bone at only three sites, a reduction of 62% in the number of a¡ected sites.
To determine exactly how much bone has been lost, the sum of the CEJ to ABC distance in all 14 sites in shaminfected mice was subtracted from that in infected mice. Immune competent C57BL/6J mice lost a total of 2 . Immunocompetent mice lost bone at more sites than did T cell de¢cient mice. The 14 measurement sites are on the maxillary molars, seven sites on the left (L1 through 7) and seven on the right (R1 through 7), with site number 1 being closest to the midline [20] . Each data point represents the mean þ 1 S.E.M. of measurements from 10 mice. Where the CEJ to ABC distance is greater in infected mice than in sham-infected mice, alveolar bone has resorbed. Sites in which bone loss is signi¢cant (P 6 0.05) are indicated by an asterisk (*). A: C57BL/ 6J immunocompetent mice had signi¢cant bone loss at eight out of 14 sites on the maxillary molars. B: C57BL/6J-Tcra knockout mice had signi¢cant bone loss at only three of 14 sites. 0.28 þ 0.05 mm of bone at the 14 measurement sites (total CEJ to ABC was 1.78 þ 0.05 mm in the infected mice compared with 1.50 þ 0.06 mm in the sham-infected mice). The total amount of bone lost in the infected mice was signi¢cantly di¡erent from that in the shams (P = 0.002, n = 10). In contrast, Tcra knockout mice lost only a total of 0.08 mm (total CEJ to ABC was 1.52 þ 0.03 mm in the infected mice compared with 1.43 þ 0.03 mm in the sham-infected mice). This was signi¢cant bone loss in infected Tcra mice compared with their sham-infected controls (P = 0.04, n = 9). Although both strains of mice lost statistically signi¢cant amounts of bone after infection, the amount of bone loss in infected T cell de¢cient mice was 70% less than that in infected genetically comparable C57BL/6J mice (P = 0.0034).
These results indicate that T lymphocytes contribute to bone resorption. We also considered other possible explanations for these ¢ndings. One possibility is that the two strains of mice had di¡erent humoral responses to oral infection. If IgG or IgA were protective, lower titers would correlate with increased bone loss. Both mouse strains produced P. gingivalis-speci¢c IgG antibody after infection, but the response was greater in the immunocompetent mice (Fig. 3) . In C57BL/6J immune competent mice the IgG titer (log 2 ) increased from mean ( þ 1 S.E.M.) background levels of 6.2 þ 2 in sham-infected mice to 18 þ 3.5 in P. gingivalis-infected mice, an increase of 12 two-fold dilutions between sham-infected and infected mice, a signi¢cant di¡erence (P = 0.006, n = 10). In Tcra mice, however, the mean log 2 titer increased from 2.5 þ 0.6 only to 8 þ 1.3. This increase of 5.5 two-fold dilutions between sham-infected and infected mice was signi¢cant (P = 0.000005, n = 9), yet was not as great as the increase seen in the immune competent mice (P = 0.002, n = 9 or 10). There was also a slight IgA response after infection (Fig. 3) . In C57BL/6J mice the mean ( þ 1 S.E.M.) log 2 IgA titer increased from 2.8 þ 0.6 in shaminfected mice to 4.5 þ 1.5 in P. gingivalis-infected mice (not signi¢cant with P = 0.12, n = 10). In Tcra mice the mean log 2 IgA titer increased from 3.2 þ 0.8 in sham-infected mice to 5.5 þ 0.6 in P. gingivalis-infected mice (signi¢cant with P = 0.002, n = 9). The magnitude of the IgA response was not di¡erent in the immunocompetent strain and the T cell de¢cient mouse strain. Diminished IgG response yet equal IgA response in T cell de¢cient mice is typical of responses to T cell dependent antigens. The T cell de¢cient mice had less bone loss than the immune competent mice, despite their reduced anti-P. gingivalis IgG titers and equal IgA titers, making it unlikely that those di¡erences in humoral response directly explain these bone loss ¢ndings.
We also considered the possibility that di¡erences in bone loss in the two strains of mice could be due to di¡er-ences in the P. gingivalis load. P. gingivalis is not present in mice prior to infection [12] . Although all mice were infected with equal doses of bacteria, it is possible that T cells a¡ect bacterial colonization in the oral cavity, leading to di¡erent levels of P. gingivalis in the two strains of mice. Paper point sampling con¢rmed that P. gingivalis was not present in sham-infected mice (Fig. 4) . In addition, sampling revealed equal percentages of P. gingivalis present among the cultivable oral anaerobes in either the infected immunocompetent or the infected T cell de¢cient mice (Fig. 4) . Thus, T cells had no direct e¡ect on bacterial colonization. Lower numbers of P. gingivalis therefore cannot explain lessened bone loss. 
Discussion
In this study we demonstrate that T cell de¢ciency decreases the amount of bone lost in response to oral infection. Bone loss was decreased despite the fact that T cell de¢ciency decreased IgG titers and had no e¡ect on the numbers of P. gingivalis present after infection.
T lymphocytes interact both directly and indirectly with the tightly regulated network of bone homeostasis. Activated T cells secrete cytokines including IL-6, IL-3, tumor necrosis factor-alpha, and IFG which trigger osteoclastogenesis and/or block bone formation [21^24]. P. gingivalis induces secretion of these cytokines [25^27]. Knockout mice missing either IL-6 or IFG do not lose alveolar bone after oral infection with P. gingivalis, while genetically matched wild-type strains do lose bone [13] .
In addition to being a source of bone resorptive cytokines, T cells can also directly activate osteoclast precursors, by substituting for osteoblasts, the normal activator [21] . Osteoclast precursors express a receptor called receptor activator of nuclear factor-UL (RANK). In normal bone homeostasis, osteoclast precursors are activated by cell-to-cell contact with osteoblasts, mediated by binding between precursor cell surface RANK and RANK ligand on the osteoblast surface [28, 29] . RANK ligand is also called osteoclast di¡erentiation factor, osteoprotegerin ligand (OPGL) or TRANCE. RANK ligand is thus the signaling molecule for RANK and induces osteoclastogenesis and bone resorption. Its e¡ects are balanced by osteoprotegerin, a decoy receptor for RANK ligand which blocks osteoclastogenesis [15] .
It has recently been discovered that when T cells are activated by speci¢c antigen, they begin to express RANK ligand [30, 31] . RANK ligand is constitutively expressed on memory T cells [32, 33] . T cells thus can form cell-to-cell contacts with osteoclast precursors, activating osteoclastogenesis. Activated T cells also secrete a soluble form of RANK ligand, which retains its activity [33] . It can directly activate osteoclast precursors by binding to RANK, and can also bind up the decoy osteoprotegerin, blocking its inhibition of osteoclastogenesis [15] . That activated T cells support the formation of osteoclasts has been shown both in vitro [30] and in vivo in a rat model of adjuvant arthritis [31] .
In regards to alveolar bone loss, we have previously shown that deletion of CD4 þ T cells, but not of CD8 þ T cells, abrogates bone loss after bacterial infection [13] . Teng and colleagues have also shown alveolar bone loss attributable to CD4 þ T cells [14] . In Teng's model lymphocyte de¢cient NOD/SCID mice are reconstituted with human peripheral blood lymphocytes, then orally infected with Actinobacillus actinomycetemcomitans, another human periodontopathic bacterium. Infection induces alveolar bone loss, but when CD4 þ T cells are selectively depleted, no bone loss ensues. Infection upregulates expression of OPGL (RANK ligand) in CD4
þ T cells and bone loss could be blocked by intraperitoneal injection of the decoy OPG [14] . Ukai et al. have shown that T cell de¢cient nude mice do not lose alveolar bone after gingival injection of bacterial endotoxin, but that normal mice or nude mice reconstituted with T cells do [34] . The present study provides additional evidence of the central role of T cells in infection-induced bone loss. In contrast to our previous study, the deleted gene responsible for the T cell de¢ciency is one that a¡ects the T cell itself, through deletion of the alpha chain of its T cell receptors. We cannot distinguish with these mice whether the e¡ects seen were due to CD4 þ or CD8 þ T cell de¢-ciencies, but we can be sure that they are not due to hidden e¡ects from MHC deletions [13] .
T cells are probably not involved in normal physiological bone turnover, as demonstrated by the fact that T cell knockout mouse strains have a normal bone structure and normal tooth eruption and dental anatomy [35] . However, when chronic infection, such as periodontal infection, leads to long term activation of T cells, these cells can push bone homeostasis in the direction of net bone resorption.
